This paper is a record of some of the design and operational aspects of developing an affordable unmanned air system capable of logging and processing atmospheric observations across a range of altitudes. We consider the aeronautical and computational challenges of designing a recoverable and re-usable lighter-than-air system for delivering lightweight science payloads to the stratosphere and we examine the performance of the system through a physics-based Monte Carlo flight simulation model and the analysis of two test flights (ASTRA 7 and 8). We then review the development process to date of a self-recovering payload, based on a lightweight, balloon (or aircraft) launched glider capable of autonomous return of the instruments to a preordained collection site. We also consider possible future extensions of the technology, including a multi-vehicle system designed to enable the construction of an emulator (surrogate model) of an atmospheric quantity across a specified block of airspace.
I. The Need for Wide Altitude Range Atmospheric Observations
The ability to collect physical, chemical and biological observations across a wide range of altitudes is essential for an understanding of atmospheric processes across all length scales from global (Earth system modeling) through cyclonic (synoptic meteorology), all the way down to the meso-and micro-scale of localized phenomena. These are employed as boundary conditions or calibration targets in numerical models or as training data for statistical emulators of atmospheric variables. In either case, atmospheric science may require these observations at a range of altitudes from the planetary boundary layer all the way up to the upper layers of the stratosphere or even the mesosphere. Here are a few examples of applications where extensive atmospheric observations are of great importance, either on a routine basis or as part of targeted campaigns: a) Atmosphere profiling for routine weather forecasting Weather balloon soundings obtained at a large number of locations and at regular time intervals are constantly assimilated into numerical weather prediction models, thus providing regular updates to their boundary conditions. A typical balloon-borne radiosonde or aircraft-launched dropsonde will record temperature, dewpoint, ambient pressure and GPS-derived wind speed.
b) Pollution and aerosol monitoring
A typical example is the sampling of ash clouds. The consensus across the aviation industry is that a safe level of ash density is around 2 × 10 −3 g/m 3 (corresponding to an engine core throughput of about 1 kg/hour in an average jet engine) -extensive density observations are therefore required to draw up maps with contour lines around safe zones. [1] [2] [3] [4] Additionally, such density measurements can be used to initialize ash dispersion models. An accurate understanding of the structure of the tephra plume above the volcano is the first step. It is a critical one too, as the eruption mass rate is related to the fourth power of the plume height 5 and this is the key input of any dispersion model. Similarly, fallout monitoring after nuclear incidents such as the recent event at the Fukushima Daiichi plant may demand accurate atmospheric observations. c) Observation of extreme weather phenomena A 4D map of wind velocities, temperatures and humidities across thunderstorm cells, tornadoes and other extreme events can help in the more accurate understanding of their physics and thus in improving existing models for their forecasting.
d) Wind and temperature mapping around topography 3D/4D vector fields of atmospheric orographic (terrainaffected) flows can help enhance our understanding of phenomena such as gravity waves and mountain drag.
e) Clear Air Turbulence (CAT)
The detection and forecasting of CAT is of great importance to aviation safety. The challenge is to determine the mapping between certain measurable atmospheric parameters and the frequency of occurrence of Kelvin-Helmholtz waves or other phenomena associated with CAT.
f ) Aeronautical engineering research Establishing the envelopes within which icing or contrail formation is likely, relies on the ability to observe atmospheric variables.
g) Mesospheric observations
The mesosphere, sometimes referred to as the ignorosphere, is the least well understood layer of Earth's atmosphere. Beyond measurements of the usual physical parameters, photographic observations are also of importance here as, due to the extreme altitudes, very little imagery exists at present to document the features of red sprites, 6, 7 blue jets 8 and noctilucent clouds, 9 to name only a few of the mesospheric phenomena, which demand enhanced observational systems.
Currently a range of capabilities cover many of the above needs to a greater or lesser extent, from satellites to radars and lidars and from instrumented, manned aircraft to radiosondes and dropsondes. Each of these have their advantages and disadvantages, with high cost often being a key item on the list of the latter. We next review these shortfalls and discuss the aeronautical engineering challenges of developing a lighter-than-air, unguided system that addresses them.
II. Challenges and Current Capabilities
Simple balloon-and aircraft-launched packages -radiosondes and dropsondes -are used to satisfy many of the science needs outlined in Section I. They are relatively easy to deploy, but they have disadvantages. In both cases the package is rarely recovered and it is regarded as disposable -the scientific data is typically transmitted back to a ground-or aircraft-based receiver through various communications technologies. Apart from the cost of these single-use sensor packages (up to 1000 USD), there is an increasing concern over the polluting effect of dropping non-biodegradable collections of instruments, plastic insulation, parachute, electronic circuits and batteries * on land and into the ocean. Additionally, the sondes collect their information whilst drifting in an uncontrolled manner either beneath a balloon or a parachute. A good experiment should allow a scientist to plan the number, density and location of samples -however, the cost, uncontrollability and disposable nature of existing sondes severely constrains the number of measurements that can be taken. We discuss a possible solution to this problem in Section IV.
The existing UK regulatory framework covering the launch of weather balloons only refers to balloon trains without propulsion and/or guidance systems. Thus, in terms of payload recovery, a lighter-than-air system poses a two-fold challenge. Firstly, a flight simulation model is required, which is capable of both providing an ensemble of estimated trajectories for a given set of launch parameters and, conversely, of suggesting launch parameters that are likely to result in the desired altitude and flight time, as well as a touchdown location where recovery will be practical (of course, the existence of acceptable solutions is highly dependent on the forecast atmospheric conditions). Secondly, a real-time tracking and data-link capability is needed to ensure fast and reliable recovery of the payload. In combination with the flight simulation model, real-time tracking can enable the refinement of the trajectory prediction through data assimilation, thus producing a landing zone estimate that converges towards the actual landing site as the flight progresses.
As part of the Atmospheric Science Through Robotic Aircraft (ASTRA) initiative we have built a computational framework that addresses these challenges -we discuss this in the next section. 
III. High Altitude Unguided Sensorcraft: Tracking, Retrieval and a Computational Framework

Flight Simulation in the Presence of Uncertainty
Following the launch of a basic, unguided high altitude sensorcraft, such as a weather balloon, the operator has no influence over its trajectory. It is therefore essential that we have a numerical model capable of a relatively accurate simulation of the flight, for several reasons. First, we need to know whether the mission requirements will be met; the most important of these are usually the target apogee altitude, ascent and descent rates and the time spent in a given altitude band. Second, from a recovery logistics standpoint, it is essential that we have a landing zone prediction.
This model can be run prior to the launch and it can be used to make some of the key operational decisions: the choice of the size of the balloon, the quantity of the lifting gas or, as a surrogate, the inflation diameter. Although an accurate measurement of free lift is another possible surrogate for the lifting gas quantity, this is not always obtainable at remote launch locations, particularly when surface winds are high.
The winds aloft and other atmospheric parameters expected at the time of the launch are probably the most important inputs of such pre-flight simulations. There is a certain amount of uncertainty associated with these as well as with some of the other inputs and internal parameters of the simulation. The longer the time period between running the simulation and the launch, the greater this uncertainty will be. The simulation capability we have developed for the flights described in this paper accounts for such uncertainties through a Monte Carlo framework, where normally distributed inputs and physical parameters drive the numerical model.
For instance, the calculation of the drag of the ascending balloon, as a function of its Reynolds number, is based on a normal distribution of C D values centered on data reported by Scoggins. 10 This accounts for uncertainties in the surface friction of the balloon, the Reynolds number, the regression curve fitted to Scoggins's original data and the original experiments. Similarly, the burst diameter of the balloon is a normally distributed random variable, centered on a value obtained experimentally. Figure 1 is an image illustrating this ultimate strain experiment -the uncertainty here accounts for manufacturing differences between balloons, as well as the effects of low temperature on the balloon material, neither of which were replicated in this simple experiment. Table 1 lists these variables and the other random inputs of the simulation, representative of ASTRA 8, a test flight that took place on 8 March 2011 (we will discuss this in more detail shortly).
The equations of motion of the balloon and its payload train were solved using the Euler method along the pressure altitude domain, with the discretization determined by altitude levels of 0.1 m from the launch point elevation to 1,500 m and levels of 1m up to the apogee. was required to cover the transition from zero height above ground level and zero vertical speed to steady ascent -with coarser resolutions this region was found prone to numerical instabilities in cases where the free lift of the balloon was very low and therefore so was the rate of ascent.
To illustrate the use of the model for the prediction of the key parameters of a flight, let us consider its responses to the set of inputs representing ASTRA 8, as shown in Table 1 . The profiles of the key atmospheric variables were obtained from a sounding taken approximately 40 minutes prior to the launch at a UK MetOffice station about 110 km to the north-east of the launch site (the payload would go on to land just over three hours after the sounding was taken at approximately 50 km to the south-east of the sounding location). 3000 runs of the model yielded approximately 2500 feasible flights (with the remainder producing burst altitudes below 3 000 m or values of free lift that were not sufficient to lift the 0.864 kg payload). Figure 2 shows the histograms of key flight performance parameters resulting from these simulations.
It is helpful to visualize the relationships between these parameters too. Figure 3 is a scatter plot of ascent rates, apogee altitudes and apogee times representing the ensemble of simulated flights making up the Monte Carlo study. The crescent shape and coloring of this point cloud are a reflection of the fundamental trade-off between ascent rate (and thus time to apogee) and apogee altitude -for a given balloon and payload, increasing the apogee altitude will inevitably mean increasing the duration of the flight. Additionally, though this is not shown on this image, increasing the duration generally means increasing the range too, as the slower ascent will mean longer time spent exposed to the high winds of the upper troposphere.
Finally, this type of Monte Carlo analysis also yields a landing site prediction. The touchdown 'ellipses' shown in Figure 4 have also been obtained using the inputs listed in Table 1 . Each simulation resulted in a pair of landing coordinates, the smoothed density plot of which was converted into the three contours shown in Figure 4 , each enclosing a certain percentage of the forecast landing sites. The orientation of the long axes of these elongated patches corresponds roughly to the wind direction in the lower troposphere and the lower stratosphere (a middle layer -a weak jet stream blowing in a slightly different direction -was also present on the day of the flight).
While the type of analysis described here can provide interesting insights into the performance of unguided, lighter-than-air systems, the relatively long wall time of the Monte Carlo simulations may limit the method's usefulness in an operational context. For launch day calculations the value of more recent inputs -for instance, of a sounding obtained immediately before the flight -might outweigh that of running a large ensemble several hours beforehand. Thus, a single simulation (or perhaps a small ensemble generated around a single key variable) may be run using the central values of the inputs and a data assimilation approach could be used to improve the various flight performance estimates (including the landing site location) while the flight is in progress. Next we discuss a possible implementation of such a computational framework.
Flight Hardware -Requirements and Implementation
A wide range of data logging, computing and communications technologies could be considered when designing a system suitable for the operation of retrievable high altitude payloads flown on lighter-than-air aircraft -our particular choice here was determined by a number of specific constraints:
Low Cost The recoverability of the payload is the first step towards minimizing operating costs; any addi- tional cost reductions contribute towards enabling the more extensive deployment of the system. To establish a frame of reference, the cost of a standard dropsonde is of the order of 1000 USD, with a balloon-launched radiosonde costing in the region of 200 USD. In both cases the instruments are expected to be lost.
Ease of Deployment This suggests the need for a user-friendly interface for both the data logging and the tracking / recovery operations. Another aspect of the usability of the system is the ability to perform a visual pre-launch system health check.
Scalability Standard sondes suffer from poor scalability. Their radio frequency telemetry systems are designed to transmit small packets and, as they are non-recoverable, the amount of observations they can be used to make is limited to data that can be transmitted at a rate of the order of hundreds of baud during the time the vehicle is airborne. Any additional instruments a sonde might carry would have to send further data; because data is transmitted in near real-time, this would seriously reduce the (already limited) resolution of the system, generally around 100 − 150 m.
11 This also puts the cost into a different perspective: the hundreds of dollars spent on a non-recoverable sonde may only buy the operator a few dozen observations. To meet the above requirements we have selected a relatively inexpensive commodity device as the on-board data logger, tracker, system health display and communications platform, all in one, compact, lightweight package: an HTC 7 Trophy smartphone running the Windows Phone 7 operating system. Table 2 lists the characteristics of this handset.
In order to ensure the stable, prolonged operation of the phone in the extreme conditions of the stratosphere, an auxiliary battery was also included in the flight hardware; this, together with the phone, was encased in a laser-cut, lightweight, insulating foam housing, as shown in Figure 5 . The foam used was tested in a low pressure chamber in order to ensure that it retained its mechanical properties in ambient pressures representative of the upper stratosphere. For the maiden flight of the system (ASTRA 7) a camera was attached to the housing at the end of a carbon tube, with the goal of documenting the physical behavior of the phone during the flight. The camera was also encased in a similar foam housing. In addition to taking photographs, it also acted as a logger of its own physical data, recording throughout the flight the temperatures on its CCD, its lens and its battery, as well as the voltage on its battery (we shall discuss these in detail shortly).
The hardware used by the launch and recovery team consisted of similar smartphone handsets, running the same software as the on-board device -we shall discuss this and its place within the broader data logging and tracking infrastructure in the next section.
Software Infrastructure
One of the main objectives of the ASTRA project is to produce an atmospheric testing capability which is flexible and durable enough to be adapted to many scientific scenarios. This means that the hardware has to 7 of 17 be extensible, for example to include additional sensors as well as durable enough to survive the harsh upper atmospheric environment. The software infrastructure is designed in a similar extensible way, for example to ensure future sensors are supported and sufficient computational power and storage is available when required.
As indicated above the payload hardware includes a Windows Phone 7 smartphone for data acquisition, storage and communications. A custom software application runs on the phone, ensuring that data is logged and -where possible -attempting to communicate critical data back to a cloud-based software service via the GSM data network. The smartphone selected for the ASTRA missions has a storage capacity of 8 GB, which is sufficient to log of all our sensor data at maximum frequency for long flights, without concerns of running out of storage space.
The application is designed so it is easy to turn data logging on or off and by default transmits its ID and location to our cloud-based service. One other feature is the ability to view the location of any other device running the application based on its ID. These features combined with easy configuration means that the same application can be run as a payload logger or, as a ground based progress tracker. The application can disable the screen to save power, or, as with ASTRA 7, it can be configured to display sensor data. Figure 6 includes a picture of the application displaying latitude, longitude and altitude during flight. For testing it is handy to visualize the data but for most missions the screen will be locked and disabled to avoid accidental interruption of the application and to save power.
The smartphone sensors include GPS and a 3-axis accelerometer. The accelerometer provides an acceleration in each axis with an update frequency of 47 Hz, and the GPS provides latitude and longitude with an accuracy and altitude as well as velocity and time at 1 Hz. The phone application records all this data and has the ability to attempt transmission of key or summary values. The application can be extended to include any additional sensors that can be connected to the phone, e.g., by Bluetooth, offering an extensible sensor capability. The ability to locate compatible, accurate sensors for smartphones proved to be restrictive and is the basis of future work, discussed in the concluding section.
Communicating with potentially high speed devices over long distances is often a tradeoff between weight, power, bandwidth and costs. We can overcome many of these issues by using a commodity off-the-shelf smartphone, which is low-cost, computationally powerful and provides access to a reliable, high bandwidth data network which exists across much of the UK, even in rural areas.
When the smartphone has data connectivity the application attempts to send data back to a cloud-based Fig. 6 The Windows Phone 7 powered data logger / communications platform / system status display in the air -the display shows latitude and longitude (in degrees) and altitude (in meters). service. Top priority is given to the most recent data packet which is attempted for a timeout period (default 20 seconds), and then discarded if the transmission failed. Since the application logs all sensor data, failure to transmit a data packet does not result in data loss. The application ensures that during periods of data connectivity the most recent data is transmitted. When the payload is retrieved the complete dataset can be analyzed.
The data is sent to a cloud-based REST-full service running on the Microsoft Windows Azure platform.
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There is an overhead to communicating data via the mobile phone network: the phone has to connect to the nearest available cell tower, handshake and then send data. As the smartphone gains altitude the number of cell towers that are visible increases and there is a risk that much time is wasted hopping from one cell to another. Using GSM to send and receive SMS has been reportedly successful at altitudes up to 5,000 m, but the maximum altitude at which 3G connectivity is possible remains unclear.
15 Figure 7 shows the architecture of the cloud-based service which is deployed on Microsoft Windows Azure and is hosted in the Dublin data center. The service is responsible for receiving data packets from any device running the application. Each data packet contains a device ID and these are all stored in a cloud-based file like storage called blob storage, providing a persistent mission data repository. The service is also responsible for maintaining a mapping of devices to their followers. Any instance of the application can subscribe to receive updates for another device based on an ID. For example, if all ground based followers subscribed to follow the device launched on a balloon they will be able to view their current location relative to the last known location of the payload. If the ground followers are traveling in separate vehicles they can subscribe to receive updates from each other, resulting in a map showing the balloon and all ground based followers -see Figure 8 .
A cloud-based solution offers us the opportunity to rent hardware for the duration of the flight without having to purchase or physically take ownership and incur administration overheads for hardware that is used infrequently. Cloud providers support fast provisioning of hardware allowing us to size the hardware differently for each mission.
The ASTRA missions rely on a Monte Carlo simulation to provide launch characteristics. We have the ability to run these calculations in-house or in the cloud. This infrastructure flexibility demonstrates future extensibility, for example it is trivial to set up the hardware and software to cope with many launches in a day. Also as the missions become more involved, or as higher fidelity simulations are required, a cloud-based solution can grow with demand and complexity.
In this section we have described the software and hardware infrastructure behind the ASTRA missions and discussed its ability to log sensor data, communicate data back to a large compute resource and update ground crew with flight data. We shall now consider how the system described here performed on its first two test flights.
Flight Testing
The flight tests described here and conducted in March 2011 were aimed at evaluating the computational infrastructure described above, as well as at gathering data relating to the performance of the electronic equip- Classified as ASTRA 7 and ASTRA 8, the two flights took place only a few days apart in a period of stable atmospheric conditions; a high pressure system was determining the weather over the British Isles at the time. As a result, the physical properties of the atmosphere and therefore the environmental conditions which the vehicles were exposed to, were very similar on the two flights. In particular, the minimum ambient temperatures experienced by the two flights were, for practical purposes, identical (Table 4 summarizes the key parameters of each flight).
This allowed us to gauge the impact of adding a small chemical heater to the camera casing for ASTRA 8, in order to test the feasibility of increasing the temperature of the electronics (and, in particular, of the battery) during long flights at high altitudes. Figures 9 and 10 show the temperature histories on both flights, indicating a temperature difference of just over 10 o C between the two maxima and minima. It is also worth noting that even in the absence of the heater on ASTRA 7 the temperature remained above 0 o C across the camera and above 10 o C on the battery (although, with a duration of 1h16', this was a relatively short flight). The result of these relatively high on-board temperatures is that the rate of voltage decay through the flight does not reflect the very significant changes in the ambient temperature. Nevertheless, on ASTRA 8, at T+ 2h10', the battery voltage fell below 3.7 V, at which point a short cycle of shutdowns and restarts was followed by a permanent shutdown of the camera. The phone continued to operate for the rest of the flight -in fact, it was still operating when it was recovered several hours later. This was the result of its generous supplementary battery capacity, which reflected the mission-critical nature of the operation of the phone.
Earlier we discussed the results of a Monte Carlo pre-flight analysis of ASTRA 8 -let us now consider how the actual flight unfolded in terms of these parameters. The forecast landing 'ellipses' (first shown in Figure 4 ) and the actual touchdown location are laid out on a map in Figure 11 (for this and all other flight visualizations needed throughout this project we used the WorldWide Telescope software developed by Microsoft Research 17 ). The map also shows the actual flight path of ASTRA 8, which ended approximately on the boundary of the 65 percentile patch of the Monte Carlo simulation. The other key parameters of ASTRA 8 are shown against the histograms of the simulation in Figure 2 and on the scatter plot shown in Figure 3 .
In addition to these variables, the three components of the linear acceleration of the air vehicle were also logged by the phone, at a sampling rate of 47 Hz. Figure 12 is a plot of the magnitude of the accelerations against the timeline of ASTRA8, synchronized with plots of other related flight parameters. Of particular note here is the increase in the amplitude of the acceleration excursions in the first phase of the descent, with acceleration peaks exceeding 2 g on several occasions in the first 10 minutes following balloon burst. This period of intense activity is also characterized by high descent rates (in excess of 10 m/s). Once the vehicle, the parachute and the burst balloon (the latter, unusually, stayed with the payload throughout the descent) fall through the tropopause, the intense fluctuation in the acceleration values subsides, resuming only in the last 5 minutes of the flight, as ASTRA 8 descends through the lower tropopause.
In terms of the GSM data network connectivity, coverage for the ASTRA missions proved to be sparse: data messages were received at a maximum altitude of 1,893 m. During the flight data was received for the initial ascent and the final approach only. This was expected, but the maximum update altitude was disappointing, as shown in Table 3 . Since the payload is retrievable and GSM connectivity poor, we are considering other lower bandwidth but longer distance technologies. Another alternative is to consider SMS over GSM.
IV. Automated Payload Retrieval
The history of unmanned, fixed wing air vehicles as atmospheric research tools goes back at least to the mid-1970s, with NASA's Mini-Sniffer pollution monitoring project being perhaps the first serious attempt at developing such a system. 18 Then, as today, the greatest challenge was posed by the main competing objectives of altitude and system cost. Three Mini-Sniffers were built before the termination of the programme, which was forced to consider some extreme technical solutions in order to try to achieve its altitude range requirements. The altitude requirements could only be met by using a non-air breathing, hydrazine-fueled power plant, which meant that the aircraft had to be handled with extreme care: it could only be flown from remote lake beds and could only be approached in protective clothing. In the end, the prototype only flew to a maximum altitude of 20,000 feet.
NASA revisited the problem of high altitude atmospheric research aircraft in the late 1990s through the ERAST (Environmental Research Aircraft and Sensor Technology) programme, which culminated in the Helios prototype UAV reaching an altitude of 96 863 feet. The aircraft was later destroyed by turbulence on a subsequent flight. Beyond its obvious fragility, Helios's dimensions made it of very limited practical use: it had a wingspan of 75 m (aspect ratio of 40) and weighed approximately 600 kg. Before its termination in 2003, ERAST went on to develop several further large vehicles, powered largely by gas turbine engines.
The ASTRA system described in this paper has similar altitude (if not payload) capabilities at several orders of magnitude lower costs. However, it has its drawbacks. The recovery of the instruments can be relatively timeconsuming and the trajectory flown by the instrument package is limited to a linear ascent and a relatively fast, linear descent. To alleviate these shortfalls, the ASTRA team is currently working on the development of a new generation of the system, called BALUGA (Balloon-and Aircraft Launched Unmanned Glider for Atmospheric research). BALUGA is a high altitude, unmanned, unpowered instrument platform concept, capable of carrying a modular instrument package back to the launch site from its release altitude, which it reaches either attached to a helium balloon, or on-board a manned aircraft. The autopilot controlling the BALUGA glider is capable of following a trajectory designed to maximize the extent of the block of airspace which the instruments can be exposed to, while managing the energy of the aircraft in such a way that return to the launch site (or some other collection site) remains possible.
The key design goals of the BALUGA concept are rapid prototyping and modularity (the ability to instantiate a member of a family of gliders to suit a given sensor package) and low cost. The prototype BALUGA One (see Figure 13) is currently under development at the University of Southampton.
The aircraft, with a wingspan of 1.5 m and an all-up weight of 2 kg is fitted with a camera, a temperature sensor and a humidity sensor. Its central spine is designed to accommodate further sensor payloads as required, with an adjustable wing geometry allowing for center of gravity shifts caused by such additions. The control system is based on a SkyCircuits SC-2 autopilot. Featuring three-axis accelerometers, three-axis gyroscopes, three-axis magnetometers, and dynamic and static pressure sensors and a fully-quaternion extended Kalman filter with centripetal acceleration compensation, the SC-2 enables BALUGA One to follow a pre-ordained trajectory. Depending on the measurements recorded by the on-board sensors, the trajectory can be altered mid-mission, allowing for more effective sampling. 
V. Conclusions and future work
The goal of the first phase of the ASTRA project, as described here, was to test technologies that would form the building blocks of a future unmanned system capable of collecting extensive atmospheric observations across a broad range of altitudes. We have shown the feasibility of a lighter-than-air system as a means of delivering instruments to the stratosphere and retrieving them after the flight. This also shows promise in terms of using a lighter-than-air system as a high altitude 'launch pad', a means of extending the altitude capabilities of unmanned airplanes.
We have also shown how the capabilities of a basic, unguided, high altitude lighter-than-air vehicle can be better exploited through the use of probabilistic flight simulation, a technology that fits well with the cloud computing architecture we have developed for the first ASTRA flight tests.
We have also investigated the use of a smartphone as an on-board communications and data logging and processing platform, as well as a ground-based tracking device. Using such a commodity device contributes towards reducing the costs of such systems. Another advantage of using a smartphone as the basis for a logging and communication device is the ability to program using a high level object-oriented language, such as C#, thus reducing the application development time. However, the smartphone did not easily support custom or bespoke sensors and this could prove a limitation in the future. There are a series of rapid prototyping platforms on the market, many of which support the .NET Micro Framework. This increases the development time, as hardware has to be built, configured and tested for durability, but potentially supports any sensor, communication method and storage device. We are testing a rapid prototyping solution called Gadgeteer
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for a future mission. Gadgeteer is different from many rapid prototyping solutions, as the wide range of sensor modules have standard connectors, providing solderless construction. This reduces the hardware testing requirements as standard sensors simply plug together. The .NET Micro Framework, upon which Gadgeteer is built, supports C#, has a managed memory model and supports eventing. This high level functionality reduces development time. Very simply and with minimal code, modules can be configured and incorporated into a design. Where sensors or other capability is missing and not included in Gadgeteer it is possible to create custom modules or devices that can seamlessly work with the existing Gadgeteer kit as standard protocols, such as I 2 C, are supported. These features make Gadgeteer an ideal candidate for future missions.
Much effort is devoted to creating a lightweight housing for the payload. It has to be strong yet lightweight, easy to produce and fit the payload hardware. The Gadgeteer modules and mainboard all have CAD templates which can be used to create optimal housing designs. The focus of these templates is to support the 3D printing and/or laser cutting of Gadgeteer housings. This capability will enable us to create better housings and provide reassurances of strength and suitability.
In terms of the automatic recovery of ASTRA payloads and an improved sampling of target airspace blocks, an extension of the BALUGA concept (currently under conceptual development) involves a system comprising several BALUGA sensorcraft launched simultaneously from one or several balloons or aircraft, with their trajectories optimized for space-filling. More specifically, the system currently under development will be capable of designing a family of trajectories optimized to encompass a space-filling sampling plan generated as the basis of an emulator of the atmospheric quantity being measured.
